The potential for visible light communications with SU-8 planarized InGaN light-emitting diodes (LEDs) is investigated experimentally. For large-size LEDs, current crowding occurring near the n-contact is addressed by shrinking the dimensions of the emitters/pixels, along with the use of parallel-connected schemes to achieve multipixel emissions. Through improved heat dissipation, current uniformity, and light extraction efficiency, the resulting LED matrices fabricated with 6 Â 6 pixels outperform conventional LEDs in terms of light output power and current-induced spectral shift. It was also found that good control of the SU-8 planarization process and optimizing the number of pixels facilitates the fabrication of high-efficiency LED matrices. In addition, the presence of large junction capacitance caused by the parallel connection of the individual pixels prevents these LED matrices with 6 Â 6 pixels from operating at high speed. After eliminating the slow-responding phosphorescent components emitting from the phosphorconverted white LEDs, an open eye diagram at 80 Mb/s is demonstrated over a distance of 100 cm in directed line-of-sight optical links.
Introduction
Solid-state lighting based upon high-power and high-efficiency light-emitting diodes (LEDs) is widely seen as a useful solution for promoting energy savings and thus addressing issues related to global warming. In particular, GaN-based LEDs using an InGaN multiple-quantum-well (MQW) as the active medium can produce light emissions ranging from ultraviolet to green by merely changing the indium contents, making them useful for general lighting, full-color displays, grow lights and other applications [1] . Taking epitaxial growth and processing costs into account (without applying thin film techniques), InGaN LEDs are usually grown on inexpensive sapphire substrates despite the ensuing material defects (e.g., threading dislocations and stacking faults) in the as-grown LEDs caused by the thermal and lattice constant mismatch between the GaNbased epilayer and sapphire substrate. As a result of phase separation or spinodal decomposition, the formation of indium-rich nanoclusters (quantum-dot-like structures) in InGaN wells helps injection carriers recombine radiatively at deep localized states instead of being captured by nonradiative recombination centers [2] . Nevertheless, these LEDs with a lateral current path tend to suffer from current crowding at locations close to the n-or p-contact, mostly depending on the contributions of contact resistance ðR c Þ and the sheet resistance ðR sh Þ of the transparent conducting layer (TCL) [3] . Actually, current crowding cannot only reduce LED performance at high current density levels but restricts their capacity for long-term operation under harsh conditions as well [4] . Guo et al. reported that modifying the square-shaped mesa geometry of conventional InGaN LEDs into an interdigitated emitting pattern increases the light output power of the fabricated LEDs due to improved current distribution across the pn junction and better light extraction from the mesa sidewalls of the interdigitated structures [5] . Furthermore, current crowding in side-view InGaN LEDs can also be addressed by adding a metallic stripe across the long side of the LED chip to achieve better current uniformity [6] .
In addition to general lighting, another interesting application based upon visible LEDs (white LEDs in particular) is indoor optical wireless communications. Visible light data transmission with white LEDs has been shown to provide EMI immunity, data security, license-free operation and unrestricted allocation of bandwidth over typical radio frequency links [7] . In this paper, we describe the fabrication of InGaN LEDs with multipixel emission geometry. By keeping total light emission area fixed, we divide a large LED into several small emitters to alleviate the impact of the current crowding effect [8] . Instead of a thick silicon oxide ðSiO x Þ [9] , the photoresist SU-8 was used to facilitate ease of planarizing the highly undulating surface before the individual pixels of the LED matrices are connected in parallel. Experimental results show that phosphorconverted white LEDs provide visible light communications with a data transmission rate of up to 80 Mbit/s in free space.
Experiment
InGaN LEDs emitting at near ultraviolet range ð ¼ 407 nmÞ were grown on patterned sapphire substrates. The epitaxial structures of the LEDs consisted of a 25-nm-thick GaN nucleation layer, a 4.5-m-thick undoped GaN, a 2-m-thick Si-doped GaN, a 5-pair of In 0:08 Ga 0:92 N ð2:5 nmÞ= GaN ð10 nmÞ MQWs, a 30-nm-thick Al 0:2 Ga 0:8 N electron-blocking layer and an Mg-doped GaN contact layer. The manufacturing process of normal LEDs (see Fig. 1 ) started with the formation of a rectangular-shaped mesa measuring 940 Â 850 m 2 , simultaneously to expose the n-GaN layer by dry etching. A patterned indium tin oxide (ITO) thin film was then coated onto the top of the mesa to act as a transparent ohmic contact to the p-GaN. After this, Cr/Au was thermally evaporated onto the exposed n-GaN layer along with part of the ITO to serve as the n(p)-electrode. Fig. 1 shows a near-field image of normal LEDs at 180 mA. Because ITO films have a low electrical resistivity ðR sh ¼ 10:8 =sqÞ, most injection carriers (holes) can spread uniformly over the ITO-coated mesa surface and then recombine radiatively with electrons with shorter paths propagated in the n-GaN layer. As a result, current crowding will occur near the mesa edge of the p-contact. Furthermore, the light intensity degrades to 80% of its peak value $215 m from the mesa edge, which is comparable to the current spreading length ðL s $ 239 mÞ calculated using the following formula [3] :
where p , n , t , t p , t n , and t t are, respectively, the resistivity and thickness of the p-GaN, n-GaN, and the ITO. c is the specific contact resistance between the ITO and the p-GaN. Experimentally, the magnitude of the L s can be used as a criterion to design the emitters in a uniform current distribution. Correspondingly, a large-size LED (normal LED) is divided into LED matrices with 4 Â 4 or 6 Â 6 pixel configurations. The dimensions of the pixels are respectively designed as 214 Â 213 m 2 and 145 Â 140 m 2 according to the calculated value of L s . In the LED matrices, the total areas for light emission are kept equal to that of normal LEDs. The device process for forming a small emitter/pixel is similar to those of the normal LEDs. In addition, the common p-and n-electrodes are designed to have an interdigitated arrangement so that the bias current can be uniformly injected into the individual pixels [8] . Instead of using an oxide polish technique along with an overall oxide etch-back process to obtain global planarization with a thick SiO x [9] , in this study, the photoresist SU-8 was used to facilitate planarizing the highly undulating surface before the individual pixels are connected in parallel. Owing to its excellent imaging sensitivity, high aspect ratios and inherent capacity for dielectric passivation, SU-8 is extremely suitable for use as a gap-filling material between the pillar-like pixels. Fig. 2(a) shows a scanning electron microscope (SEM) photograph of a 6 Â 6 LED matrix planarized with a SU-8. Corresponding near-field images of LED matrices with 4 Â 4 and 6 Â 6 pixels at 180 mA, are respectively, shown in Fig. 2(b) and (c). In comparison with normal LEDs, more uniform emission patterns are observed in both LED matrices, indicating that using a multipixel containing structure helps suppress the current crowding effect. Finally, the completed LEDs without packaging were driven by a Keithley Model 2400 source meter and the corresponding light output power was measured by a calibrated Newport integrating sphere with a Si detector connected to an optical multimeter. Fig. 3 shows the peak electroluminescence (EL) wavelength as a function of injection current for the normal LED and LEDs with different pixel matrices. The inset shows the EL spectra of the LED with a 6 Â 6 pixel matrix operated at various currents. For all completed LEDs, free carrier screening of the strain-induced piezoelectric fields or band filling of the localized states is responsible for the observed blueshift behavior of the emission peaks in the injection current range from 20 to 100 mA [10] , while the current-induced temperature effect contributes to a redshift in the emission peak wavelength of the EL spectrum at current levels above 100 mA. The redshift rate in the peak EL wavelength with increasing injection current (>100 mA) is evaluated as 0.021, 0.016, and 0.007 nm/mA, respectively for a normal LED, and LED matrices with 4 Â 4 and 6 Â 6 pixels. In comparison with normal LEDs, the larger mesa sidewall area in the LED matrices made of several small pixels helps conduct the heat generated from the pn junction to the surrounding materials (SU-8). In addition, the use of a small emitter has been found to effectively suppress the current crowding induced self-heating process [4] , [11] . Both effects will alleviate the degree of variation in emission wavelengths with increasing injection current for the LED matrices. Although both LED matrices have uniform emission patterns for each pixel, a 1.5 times increase in the mesa sidewall area of the LED matrices with smaller pixel sizes ð145 Â 140 m 2 Þ can facilitate the dissipation of the heat during LED operations. Fig. 4 shows the dependence of light output power and voltage on injection current measured at room temperature for the normal LED and the LEDs with different pixel matrices. As evaluated from the current versus voltage (I-V) characteristics of the fabricated LEDs, all devices exhibit a forward voltage of 3.3 V at 20 mA, a series resistance of 9 , and an ideality factor of 2.2. The use of parallel-connected schemes, however, without having a reduced series resistance, especially in a 6 Â 6 LED matrix, may result from the formation of a high contrast window pattern around the contact pad of the individual pixels by SU8 photolithography. The step height of such patterns is dependent on the difference between the thickness of the gap-filling material (SU-8) and the mesa height of each pixel. Experimentally, the increase in step height may induce an additional series resistance caused by poor metal step coverage between the p-contact electrode and the contact pad of the individual pixels. Otherwise, compared to the normal LEDs, at 300 mA the LED matrices with 6 Â 6 pixels exhibit a 36.1% increase in light output power. As seen in Fig. 2 , compared to normal LEDs, the improvement in current crowding and higher light extraction efficiency (due to increased sidewall surfaces) helps these LED matrices produce more output power at high levels of current density. The magnitude of the injection current density is one of the determining factors for the amount of light generated by LEDs. Through the whole current injection range, the injection current density value for each pixel of the LED matrices remains approximately constant. Furthermore, an ideality factor of 2.2 is given for all LEDs, suggesting that the main current transport mechanism within the LED structure is a spacecharge recombination [12] . In addition, no increased values of the ideality factor were found in the LED matrices fabricated with different pixel sizes, indicating that sidewall leakage induced by dry etching does not significantly contribute to optical loss to these LEDs [13] . Other loss mechanisms are determined by the designs of the LED epistructures, such as Auger nonradiative recombination or carrier escape out of the InGaN MQWs. Such loss mechanisms play the same role in the LED matrices. Therefore, at high levels of current injection, the improved output power in the LED matrices with 6 Â 6 pixels, but not in a 4 Â 4 LED matrix, could be attributed to increased sidewall surfaces to produce a corresponding improvement in light extraction efficiency. It is worth noting that, for the LED matrices, the increase in light intensity will incur a penalty of increased die area as the number of the pixels is increased. Taking the effective die area and series resistance into account, the LED performance could be further improved by optimizing the pixel number [8] . Fig. 5 shows the optical communication system using an LED as the light sources to establish a direct line-of-sight optical link between the transmitter and the receiver. The detailed descriptions of the experimental setup can be found elsewhere [14] . Experimentally, the bias current and non-return-to-zero (NRZ) pseudorandom bit sequence (PRBS) were combined in a bias tee and fed to the TO-packaged LEDs. For the large-signal response analysis of a directly modulated LED, the light emitting from the LEDs with a collimating lens was guided along a given direction to maximize light signals detection by the receiver. The corresponding amplified electrical signals were then displayed on a wide-bandwidth sampling oscilloscope. Taking propagation loss into account, the use of a high-power LED is useful to increase the transmission distance in visible light communications. In addition, if a few pixels are inactive, unlike the linear cascade LED arrays [15] , the proposed LED arrays with the parallel-connected scheme can still work. Fig. 6(a) and (b) show the influence of data transmission rate on the quality of the eye diagram for a 6 Â 6 LED matrix respectively operated at 80 and 100 Mbit/s with a pattern length [14] . The distance between the light source and the receiver was set at 100 cm. of 2 7 À 1 and a peak-to-peak voltage ðV pp Þ of 5.0 V. The distance between the light source and the receiver was set at 100 cm. At a high current density, InGaN LEDs are commonly affected by the thermal heating effect [15] and/or efficiency droop [16] . To prevent this, the LEDs under testing were pre-biased at an injection current of 200 mA. When the data transmission rate is increased from 80 to 100 Mbit/s, the insufficient modulation bandwidth of the LEDs causes the eye pattern becomes fuzzy even the bias current was changed to higher levels. However, if poor metal connections render certain pixels inactive, the resulting data rate can be further increased to 120 Mbit/s (not shown here). These results imply that there exists a large junction capacitance in the LED matrices because the constituting pixels are connected in parallel. This will restrict the LED matrices from being modulated at high speed. On the other hand, the phosphor-converted white LEDs are also used as light sources to verify their potential in visible light communication applications. Experimentally, these LEDs were made from a 6 Â 6 LED matrix capped with a phosphor layer for white light emissions with a color temperature of $5300 K. Due to the long radiative lifetime of the phosphor layer, no well-resolved eye patterns can be obtained from these white LEDs operating at 80 Mbit/s with PRBS ¼ 2 7 À 1, V PP ¼ 5 V, and I Bias ¼ 200 mA [ Fig. 7(b) ]. However, as shown in Fig. 7(a) , placing an additional optical filter (Semrock FF01-417/60) in front of the receiver significantly improves the corresponding eye-pattern quality. In the visible light region, the measured transmittance of such filter exceeded 93% over the incident wavelength ranging from 387 to 449 nm, while blocking others outside this range. The rise time, fall time and peak-to-peak jitter are, respectively, found to be 2.44 ns, 3.22 ns, and 6.67 ns. In addition to filtering out the phosphorescent components, another merit of using the optical filter is to reduce the influence of ambient light noise on the received optical signals, which can also help to achieve high-speed data transmissions [17] . Another approach to increase the modulation bandwidth of white LED-based visible light communication systems without using an optical filter can be done by employing a signal equalization technique to flatten the frequency response in the received signal spectrum [18] .
Results and Discussion

Conclusion
We demonstrate the fabrication and characterization of InGaN LEDs with multipixel emission geometry. Based upon the calculated current spreading length, the dimensions of the emitters/ pixels are carefully designed to achieve uniform current distribution over the whole emission area of each pixel. To confirm that the individual pixels can be connected in parallel, the pillarlike structural surfaces are planarized using the photoresist SU-8 rather than the complex SiO xplanarized process. Experimentally, all completed LEDs exhibit a forward voltage of 3.3 V at 20 mA, and a series resistance of 9 . In the LED matrices, the formation of an additional series resistance caused by unoptimized global planarization with SU8 may partially cancel out the benefits of the parallel-connected schemes. However, the improvement in terms of heat dissipation, current uniformity, and light extraction efficiency results in the LED matrices fabricated with 6 Â 6 pixels producing the highest light intensity of 16.3 mW at 300 mA in on-wafer measurements. In addition, these LEDs also exhibit superior thermal insensitivity. It was also found that the presence of a large junction capacitance in the LED matrices with 6 Â 6 pixels may be the main cause of their limited modulation rate ($80 Mbit/s). Finally, visible light communications with the phosphor-converted white LEDs at a data transmission rate up to 80 Mbit/s in direct line-of-sight optical links were shown to be feasible provided an optical filter was used to eliminate the slow response of phosphorescent components generated from the phosphor layer.
